Oceanography Vol. 20, No. 1
S P E C I A L I S S U E F E AT U R E M M B M-O R
The plate-tectonic revolution was initially "kinematic"-a description of plate motions across Earth's surface. Plate tectonics is now recognized as the surface manifestation of a greater process-circulation of the solid earth. Magma ascends to the surface at mid-ocean-ridge spreading centers to cool and form oceanic crust, which millions of years later returns to the mantle at subduction zones. Formation of oceanic crust is the greatest contribution of fl ow from our planet's interior, as twothirds of the earth is resurfaced about every 100 million years.
Partial melting of the mantle at spreading centers is the mechanism by which this fl ow takes place, and thus is fundamental to understanding solid-earth circulation.
Melting is a primary means by which the earth cools: seafl oor spreading brings hot mantle from depth to the colder surface. Because we normally think that melting occurs through heating (e.g., putting a slab of butter in a frying pan), it may seem paradoxical to say the earth melts while cooling down.
The explanation for this paradox is that melting temperatures are dependent on pressure as well as temperature. Just as increased temperature excites atoms so they free themselves from their ordered, solid, crystalline state, so increased pressure squeezes atoms, making it more diffi cult for them to transition from solid to liquid. Thus, temperature and pressure exert opposite effects on melting, and melting can occur by decreasing pressure at a given temperature as well as by increasing temperature at a given pressure. The reason melting by pressure release seems foreign to common experience is because human life on Earth is lived in an environment of almost constant pressure caused by the weight only of the atmosphere.
The solid earth, however, is subject to huge changes in pressure, because the weight of hundreds of kilometers of rock exerts pressures equivalent to thousands of atmospheres in the interior. As mantle ascends beneath the mid-ocean ridge, less and less rock lies above it, so large pressure changes occur, which leads to melting. The melt is less dense than the solid, and rises to the surface to form the oceanic crust. Figure 1 shows how rising mantle crosses the "solidus" (the transition from complete solid to partial melt) and melts progressively towards the surface. Note that because the mantle is a solid consisting of many different molecules, it does not melt entirely at a single temperature, but progressively over a range of temperatures-from 0 percent melting at the solidus to 100 percent melting several hundred degrees higher at the liquidus. Thus, partial melting is possible.
Several lines of evidence provide information about this melting process. New maps generated over the past 25 years show the variations in shape and depth of thousands of volcanoes distributed along the ridge. These maps have enabled scientists to sample the volcanic rocks-ocean-ridge basalt-that make up the surface pavement of the oceanic crust. About 80 percent of the 60,000-kilometer-long mid-ocean ridge has been mapped and sampled at least to 100-km spacing (see www.petdb.org). At the same time, experimental studies have led to quantitative models of how melt composition and amount vary with temperature and pressure (e.g., Jacques and Green, 1980; Kinzler and Grove, 1992; Baker and Stolper, 1994; Pickering-Witter and Johnston, 2000) . And seismic studies, which are able to probe Earth's interior directly, provide information about the "melting regime" beneath the ridge axis. This article synthesizes some of these developments, and outlines a set of major questions for future research. Figure 1 . Diagrams illustrating the melting mechanisms beneath ocean ridges. At any one pressure, the mantle melts over a temperature range of several hundred degrees. e boundary between melt absent and melt present is called the mantle solidus. As mantle ascends beneath the ocean ridge, it begins melting as the solidus is crossed, and melts progressively during further ascent. us, the mantle melts by pressure decrease rather than by temperature increase. Hot mantle crosses the solidus at greater depths, leading to a larger melting regime, greater extents of melting, and thicker crust than that produced by cold mantle. e numbers on the bottom diagrams correspond to the pressures where melting stops for the numbered fl ow lines on the upper diagrams.
A FIR STORDER MODEL FOR O CE ANRID GE MELTING
The deep mantle is solid, but not brittle.
At the high temperatures and pressures characteristic of Earth's interior, the mantle beneath the plates flows like a very viscous liquid at rates of up to several tens of centimeters per year. As the rigid plates separate at mid-ocean ridges, the deeper mantle rises to fill the "gap" created by spreading. The ascending mantle crosses its melting point and begins to melt. The mantle-melting region beneath the ridge, the "melting regime," is roughly triangular in shape (see Figure 1 ). The total amount of melt that can be produced by any particular part of the mantle within the melting regime is proportional to how far this mantle rises after crossing the solidus.
The melting regime ranges in extent of melting, therefore, from zero at the bottom where the mantle begins to melt, to a maximum at the shallowest point of melting. The remarkable fact is that as the mantle melts more and more, it is at lower and lower temperatures, so it actually melts while cooling down rather than while heating up.
Because the melts produced in the melting regime are buoyant and fluid, they separate from the solid and rise to the surface to form the oceanic crust.
If the mantle is hotter, it starts to melt deeper, and therefore can melt over a larger range of pressures, leading to greater extents of melting. Here, then, the common-sense intuition holds true:
hot mantle melts more than cold mantle. The greater quantity of melt from hot mantle thus produces thicker oceanic crust than is produced from colder mantle (see Figure 1) Putting these considerations together, the first-order prediction is that hotter mantle leads to lower sodium content, thicker crust, and shallow water depths, and colder mantle to higher sodium contents, thinner crust, and greater depths.
Observations are in agreement with this prediction, as Figure 2 shows. Quantitative models of this simple picture of mantle melting can to first order successfully account for the composition and thickness of the oceanic crust, and the global variations in depths of the ocean ridges (Klein and Langmuir, 1987; Langmuir et al., 1992) . Thus, a simple bathymetric map of the ocean-ridge system could be considered to reflect largely the temperature structure of the underlying mantle. Figure 2 . Plots of average compositions of ocean-ridge basalts (each point represents about 100 km of ridge length) vs. the average depth of the ridge. Na 8.0 is the composition of basalt normalized to a constant MgO content of 8 wt.% to correct for shallowlevel differentiation. High Na contents reflect small extents of melting, while lower Na contents reflect higher extents of melting. High extents of melting lead to low Na contents, greater crustal thickness, and shallower depths below sea level, consistent with a model of varying mantle temperature. After Langmuir et al., 1992 Complexities of Melt Segregation
COMPLE XITIE S OF THE MELTING PRO CE SS

HOT, MORE MELTING COLD, LESS MELTING
The model assumes that melt is delivered to the surface without significant interaction with the surrounding mantle and crustal rocks that it traverses. Although this assumption may seem simplistic, it became more conceivable with the discovery that melt can be transported through the mantle in channels of pure olivine (Kelemen et al., 1995) , a mineral that has little effect on chemical compo- 
Variations in Mantle Composition
Variations in Spreading Rate
Ridges vary in the rate at which they produce new seafloor, from less than , it takes about ten million years, long enough for the mantle to lose heat by conduction to the surface while it is still rising (Figure 3 ). At the slowest spreading rates, therefore, the extent of melting decreases, and the average depth of melting increases, compared to fast-spreading rates (Shen and Forsyth, 1995) .
Tectonic Complexities
The Figure 1 cartoon shows a twodimensional slice across a spreading ridge, which is assumed to extend long distances along the ridge axis. The real world is far more interesting. Ridges are offset by transform faults every 100 km or so, creating a segmented fabric, as lithosphere across the transform (Fox and Gallo, 1984; Bender et al., 1984) .
Thus, on a local scale, we would also expect a truncation of the top of the melting regime.
Ridges are also punctuated periodically by "hotspots," such as those found Schilling, 1975; Schilling et al., 1982) . other elements that come from the slab as it subducts (e.g., Gill, 1976; Sinton and Fryer, 1987; Stolper and Newman, 1994; Taylor and Martinez, 2003) . Simple consideration of the geometry also indicates that there may not be enough room in the mantle wedge above the slab to accommodate a melting regime such as
is observed at open-ocean ridges (Kelley et al., 2006; Langmuir et al., 2006b ).
TE STING MULTI DIMENSIONAL CONTROL S ON MANTLE MELTING
This overview of the diverse oceanridge environments shows that there are many "forcing functions" that influence the ridge. Understanding the diverse influences of all these forcing functions continues to be a focus of ocean-ridge research.
The classic approach to such questions in many other areas of scientific research is to carry out experiments in the laboratory where the boundary Figure 3 . Map of the Arctic Ocean's Gakkel Ridge, which is the slowest major spreading ridge on Earth. Spreading rate decreases progressively towards Siberia, as evident from the narrowing of the basin created by the spreading (delimited by the red lines). As spreading rate declines, slower upwelling prevents melting all the way to the surface, and the melting regime becomes progressively truncated, leading to a melting trapezoid rather than a melting triangle such as seen in Figure 1 . Pacific (Cushman et al., 2004) .
Around the Azores and Galápagos, the ridge varies in depth from greater than 3000 m some thousand kilometers from the hotspot to less than 1500 m where the ridge most closely approaches the hotspot. In earlier studies of these regions, Schilling et al. (1980 Schilling et al. ( , 1982 showed that the contents of volatiles, such as water in the spreading-axis magmas, increased toward the hotspots' centers as ridge depth shallowed, and that "hotspots"
were also "wet spots." Bonatti (1990) 
-3˚00' 2400 2500 2600 2700 2800 2900 3000 3100 3200 3300 3400 3500 3600 3700 3800 3900 4000 4100 4200 4300 4400 4500 4600 4700 4800 Bathymetry (m) Figure 4 . Map of the East Pacific Rise where there are large transform offsets, illustrating the three-dimensional complexity of the ridge system. Melting regimes cannot be continuous across such long transforms, and the cooling effects of the transforms also truncate the top of the melting regime, leading to melting trapezoids near the transform edges, such as seen in Figure 3 . From Forsyth et al. (2006) inferred that mantle temperatures beneath these shallow ridges might even be colder than usual, rather than hotter.
Schilling also showed that concentrations of various magmaphile elements also substantially increased, and that the gradient in water depth was associated with a gradient in chemical composition. Therefore, water and temperature both lead to increases in total melt production and crustal thickness, and therefore shallower ridge depths, but the effect of water is in the deep, low-degree melts.
Experimental data quantify the effects of water on mantle melting (e.g., Gaetani
and Grove, 1998). The challenge is to produce models that yield both the cor- Figure 5 . Illustration of the effects of water on melting beneath ridges. e left panel shows that addition of water creates a deep "tail" of low extents of melting, which contributes additional melt and causes greater crustal thickness. Although adding water causes the maximum extent and total amount of melt to increase, the average extent of melting across the whole depth of melting decreases because of the large, deep region of low-degree melts. e right panel shows how this effect can help to explain data from the Azores hotspot. Having a water-rich mantle source reduces the needed temperature excess to explain crustal thickness variations from about 75°C to 35°C. Right-hand panel modified from Asimow et al (2004) crustal thickness are the result of both hotspot and wet-spot effects (Asimow et al., 2004) (Mahoney et al., 1994; Phipps Morgan et al., 1995; Toomey et al., 2002; Conder et al., 2002) .
Investigation of the Gakkel Ridge, Arctic Ocean
One of the most interesting spreading centers on Earth, the Gakkel Ridge, lies beneath the ice of the Arctic Ocean and extends from Greenland to Siberia (see 
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Map after Martinez and Taylor (2002) Map after Martinez and Taylor (2002) Map after Martinez and Taylor (2002) e right-hand panel shows a cross section at about 22°S. e grey diamonds are earthquake locations that indicate the position of the cold, subducting plate. ere is no room for a triangular melting regime in this environment-the slab truncates it. us, the effects of hydrous melting seen in Figure 5 , which are the result of the deep "wings" of the melting regime, are prevented from taking place in the back-arc environment. Map from Martinez et al. (2006) ; right-hand panel modified from Langmuir et al. (2006a) the context of a back-arc such as the southern Lau Basin (Figure 7b 
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